Southern flying squirrels (Glaucomys volans) are small sciurid rodents that reside in deciduous forests of eastern North America. G. volans consumes primarily seeds and fruits, and is active year-round. During winter when food is sparse, flying squirrels conserve energy by forming aggregations in nest-lined cavities of trees. We compared seasonal changes in resting metabolic rate (RMR), nonshivering thermogenesis (NST), body temperature, and body mass of G. volans nesting communally residing in an outdoor enclosure to squirrels nesting singly housed in an outdoor laboratory. Flying squirrels were tested monthly from November 1997 to November 1998. Average RMR was highest in winter (1.14 ml O 2 g Ϫ1 h
Mammals residing in seasonal environments employ a wide array of mechanisms to cope with food shortages and cold stress of winter. Mammals enhance survival during winter by avoiding and resisting cold (Wunder 1984) . Avoidance mechanisms are critical in reducing the magnitude of cold stress and result in energy conservation. Tactics include changing insulation, foraging in ameliorating microclimates, communal nesting, caching food, or undergoing dormancy. Resistance to cold requires energy expenditure to combat cold stress and * Correspondent: jmerritt@westol.com involves increases in thermogenic capacity (i.e., changes in basal metabolic rate, nonshivering thermogenesis [NST] , and shivering thermogenesis). Winter-active mammals do not rely on a single mechanism but instead exhibit a suite of strategies that integrate behavioral, anatomic, and physiologic specializations to cope with cold (Feldhamer et al. 1999; Merritt 1986 ).
Many species of small mammals (principally rodents of the subfamilies Arvicolinae and Cricetinae) form aggregations during winter to conserve energy (West and Dublin 1984) . Small mammals, characterized by their high surface-to-volume ratio, lose heat rapidly and possess less cooling resistance than larger mammals. Consequently, communal nesting during cold winter months assists them in maintaining crucial thermodynamic equilibrium (Porter and Gates 1969) because of a reduction in conductive, convective, and radiative heat loss (Hayes et al. 1992; Wunder 1984) . Further, small mammals greatly economize heat loss by residing in ameliorating microclimates found in nests located below ground, in logs, or within larger dens of sticks or vegetative debris (Bazin and MacArthur 1992; Pierce and Vogt 1993) . In northern regions characterized by snow cover in winter, nests may be elaborate and thermally insulated from fluctuating ambient temperatures by their position within the subnivean environment (Casey 1981; Merritt 1984a ).
Although they occupy northern regions, tree squirrels (Sciurus and Tamiasciurus) remain active throughout the winter, exhibit high basal metabolism, and do not exhibit physiologic heterothermy (Knee 1983; Pauls 1979; Reynolds 1985) . As a result, they face significant thermal challenges in the form of subzero temperatures encountered during their arboreal foraging bouts. Although considered to be asocial, most species of tree squirrels (Sciurus) may at times occur in groups in dreys (Havera 1979; Koprowski 1996; Tonkin 1983) , which reduces the impact of cold. Although nesting in dreys provides insulatory benefits, squirrels are still vulnerable to rapid heat loss during foraging. Because of their comparatively large body mass, tree squirrels are able to defend a high body temperature in cold by reducing thermal conductance through increasing subcutaneous fat deposits and pelage insulation plus exhibiting shivering thermogenesis and NST (Ducharme et al. 1989) .
Unlike species of Sciurus or Tamiasciurus, southern flying squirrels (Glaucomys volans) are very small and exhibit nocturnal activity patterns and have a volant life style; all can be energetically costly. At northern latitudes, flying squirrels must balance the costs of maintenance metabolism with availability of resources. G. volans copes with cold stress by nesting in large aggregations in tree cavities; they are reported to form social groups of Յ50 individuals (Layne and Raymond 1994) . The energetic advantage of communal nesting in southern flying squirrels has been demonstrated during winter and summer (Muul 1968; Neumann 1967; Stapp 1992; Stapp et al. 1991) . However, no study has detailed the yearround thermogenic changes of G. volans attributable to social thermoregulation or the role of nonshivering heat production in the energy budget of this small, winter-active sciurid.
Our objective was to evaluate 2 mechanisms adaptive in enhancing overwinter survivorship of southern flying squirrels. First, we assessed monthly changes in energy requirements of G. volans residing singly in nests compared with individuals nesting in aggregations. We predicted that squirrels nesting in a group would demonstrate greater energy conservation in the form of reduced metabolism compared with squirrels nesting singly. Second, we analyzed monthly changes in the heat-producing capacity of brown adipose tissue in seasonal thermogenesis of flying squirrels nesting singly compared with those nesting in groups. Squirrels nesting singly face greater radiative, convective, and conductive heat loss than group-nesting squirrels. We hypothesized that flying squirrels maintain high body temperature necessary for nocturnal foraging during periods of cold by using huddling thermogenesis augmented by increasing capacity for NST due to brown adipose tissue.
MATERIALS AND METHODS
Collection site.-Thermoregulation in southern flying squirrels (G. volans) was examined from 12 November 1997 to 22 November 1998 at Powdermill Biological Station, Carnegie Museum of Natural History, southeastern Westmoreland County, Pennsylvania (40Њ10ЈN, 79Њ16ЈW; elevation, 450 m-Krohne et al. 1988) . Animals procured for study resided in a mixed deciduous forest dominated by beech (Fagus grandifolia), sugar maple (Acer saccharum), yellow poplar (Liriodendron tulipifera), and red oak (Quercus rubra). During the study period, annual precipitation for the site averaged 40.6 cm, and temperatures ranged from Ϫ21 to 32.7ЊC (1 January and 26 June 1998, respectively). Snowfall occurred from October to March. Flying squirrels were captured using Sherman live traps (7.6 by 8.9 by 30.5 cm; H. B. Sherman Traps, Inc., Tallahassee, Florida) baited with sunflower seeds. Upon capture, squirrels were marked using monel ear tags (National Band and Tag Company, Newport, Kentucky) and sex, reproductive status, and body mass were recorded. Flying squirrels were placed immediately into an experimental site-either an outdoor laboratory or outdoor enclosure where they remained for the duration of the study.
Outdoor laboratory.-We used an outdoor laboratory to study seasonal thermogenesis of G. volans nesting singly. The building measured 3.0 by 2.7 by 2.1 m and was screened on the north-facing side to permit exposure of animals to natural photoperiod and temperature fluctuations. After capture, we immediately weighed animals on an Ohaus model C151 electronic balance (Ohaus Scale Corp., Florham Park, New Jersey) to the nearest 0.05 g and placed each squirrel (n ϭ 12) in a glass terrarium (500 by 140 by 310 cm) supplied with a nest box (195 by 140 by 200 cm), shavings, and hay for bedding. Food (e.g., sunflower seeds, acorns, and mushrooms) and water were supplied ad libitum. We recorded daily temperatures of the outdoor laboratory and in each nest box using precision indoor-outdoor thermometers (accuracy ϭ Ϯ0.1ЊC; RadioShack, Fort Worth, Texas).
Outdoor enclosure.-To study the role of group nesting in the seasonal energy expenditure of G. volans, we confined 7 squirrels in an outdoor enclosure located 75 m north of the outdoor laboratory (Fig. 1 ). This outdoor enclosure was modified from that used by Merritt and Adamerovich (1991) for the study of thermoregulation in Blarina brevicauda. The enclosure measured 4.8 by 2.5 by 3.7 m and was positioned in a closed canopy forest of sugar maple and black cherry (Prunus serotina). The framing of the enclosure consisted of 2-by 4-inch lumber. The lower one-quarter of the enclosure was enclosed by clear Plexiglas to the ground; the upper three-quarters of the enclosure was enclosed by ¼-inch hardware cloth. The interior consisted of a layer of soil 1.5 m deep provided with rocks, logs, sticks, ferns, and herbs, simulating the natural environment. Two sections of sycamore trees (Platanus occidentalis) were positioned in the middle of the enclosure and were 3.7 m high (diameter at breast height ϭ 33.0 cm). Each tree possessed a cavity for nesting or caching with a entry hole of 10 cm in diameter. The enclosure had 3 nest boxes placed 1.7 m above ground, made of hemlock measuring 38 by 21 by 21 cm. An entry hole (4.5-cm diameter) was positioned on the top one-quarter of each box. We provided hay and leaves as bedding in all boxes. Water, food, and a salt block were provided year-round. Food included predominately sunflower seeds supplemented with acorns and hickory nuts when available. Mushrooms, apples, and oranges also were provided occasionally. We assessed the position of flying squirrels within the enclosure at 0800 h daily throughout the study. We used a Weathertronics Model 4030 remote 3-point thermograph (Qualimetics, Inc., Grass Valley, California) to measure temperatures on the ground surface-subnivean level, in the nest cavity, and at the ambient level (1.5 m above ground). Temperatures were recorded continuously for the entire period of the study.
Laboratory procedures.-Each month, flying squirrels were moved from their outdoor sites to the physiology laboratory. We measured resting metabolic rate (RMR) and NST in the laboratory by means of a positive-pressure, push-through assembly with a Beckman 755 paramagnetic oxygen analyzer (Beckman Instruments, Inc., Pittsburgh, Pennsylvania). Air flowed through columns of soda lime and Drierite for removal of CO 2 and H 2 O before entering the oxygen analyzer (condition B of Hill [1972] ). Rate of flow (1,000 ml/min) was measured by Sho-rate 150, model 1355D-V flowmeters (Emerson Electric Company, Hatfield, Pennsylvania) calibrated both at the factory and with an RT-100 calibration analyzer (Timeter Instrument Corp., Lancaster, Pennsylvania). Squirrels were tested in a 380-ml glass jar equipped with air inlet and outlet ports, placed in a Precision dual-control incubator, model 818, uniformity Ϯ 0.5ЊC (Precision Scientific Group, Chicago, Illinois). All metabolic trials were conducted between 0800 FIG. 1.-Diagram of the outdoor enclosure employed to house southern flying squirrels (Glaucomys volans) to examine the role of group nesting on seasonal energy expenditure from November 1997 to November 1998. The enclosure was situated in a closed canopy forest of sugar maple (Acer saccharum) and black cherry (Prunus serotina) at Powdermill Biological Station, southwestern Pennsylvania.
and 1700 h. Before and after testing, each squirrel was weighed and its body temperature recorded on a Digi-Sense thermocouple thermometer (Cole-Parmer, Chicago, Illinois) by inserting a thermometer sensor (Type PT-6) 15 mm into the rectum. The sensor was held in place for 15 s, and the body temperature was recorded.
Resting metabolic rate was measured within thermoneutrality, 29ЊC (Stapp 1992) , as the lowest oxygen consumption sustained for Ն 5 min by a quiescent, unanesthetized squirrel during the first 60 min in the respirometer. RMR was computed according to the method of Hill (1972) , expressed as ml O 2 g Ϫ1 h Ϫ1 , and corrected for standard temperature and pressure conditions.
Because norepinephrine-induced heat production was equivalent to cold-induced NST (Bockler et al. 1982) , maximum NST was defined as the total metabolic response to norepinephrine and was measured as the highest oxygen consumption in quiescent, unanesthetized squirrels at 25ЊC after mass-dependent intramuscular injection of a dose of norepinephrine (Levophed bitartrate injection, Winthrop Pharmaceuticals, New York; 1 ml ϭ 1 mg base). That dosage (mg/kg body mass ϭ 6.6 M
Ϫ0.458
/2, where M ϭ body mass) was previously found to elicit the maximum thermogenic response in Peromyscus maniculatus, P. leucopus, Microtus pennsylvanicus, M. ochrogaster, Clethrionomys gapperi, B. brevicauda, and Sorex cinereus (Merritt 1986 (Merritt , 1995 Merritt and Zegers 1991; Wunder and Gettinger 1996; Zegers and Merritt 1988) .
Resting metabolic rate was determined on the 1st day of trials; NST was measured on the 2nd day. Upon completion of all metabolic trials (the end of each day), squirrels were returned to their original sites (outdoor enclosure or outdoor laboratory). Differences in monthly body mass were tested for significance (P Ͻ 0.05) using 1-way analysis of variance and the Tukey-Kramer multiple comparisons test. Because some data sets of RMR and NST were not homogeneous in variance, nonparametric statistical tests were used (Merritt and Zegers 1991; Sokal and Rohlf 1995) . We tested for significance at P Ͻ 0.05 in monthly resting metabolism, NST, and body temperature, using the Kruskal-Wallis 1-way analysis of variance (H), and Dunn's multiple comparison test. Comparison of mean monthly RMR and NST of singly and communally nesting squirrels was accomplished using the Wilcoxon matched-pairs, signed-ranks test (T). Correlations between mean monthly RMR, NST, and minimum daily ambient temperatures 7 days before to the metabolic trials were assessed using the Spearman rank correlation coefficient. Graphpad InStat version 3.01 (GraphPad Software, Inc., San Diego, California) was used for all statistical analyses.
RESULTS
Temperatures of experimental sites.-Temperatures in the outdoor laboratory (squirrels nesting singly) were recorded daily from 9 November 1997 to 20 November 1998; average temperature ϭ 7.5ЊC (SE ϭ 0.39, n ϭ 375 days), ranging from Ϫ19.6 to 29.8ЊC. Ambient temperatures recorded at the outdoor enclosure (squirrels nesting communally) ranged from Ϫ21 to 32.7ЊC (1 January and 26 June 1998, respectively, for both experimental sites). Because temperatures were recorded continuously at the outdoor enclosure, no average was calculated. The relationship of ambient temperatures recorded 7 days before metabolic trials was tested for the stimulatory effect on NST. Temperatures of nest cavities in the outdoor enclosure varied according to the number of flying squirrels aggregating in a given nest. Nest temperatures ranged from 0ЊC (1 January 1998; ambient temperature, Ϫ14.5ЊC) to 27ЊC (9 August 1998; ambient temperature, 23.0ЊC). All readings of nest temperature were taken at 0800 h each day with 7 occupants residing in the nest. During winter when squirrels were foraging, the unoccupied nest chamber ranged from 6 to 7ЊC above ambient temperature. That elevated temperature was attributable to insulation of the tree augmented by nest material.
Body mass.-Average monthly body masses of singly housed squirrels (Table 1) varied (F ϭ 4.848, d.f. ϭ 12, 142, P Ͻ 0.001). Monthly means for September were lower than those for December through April and June; October differed from March and April; and August differed from March (Tukey-Kramer multiple comparisons test, P Ͻ 0.05). Mean monthly body mass of communally nesting G. volans (Table 2) ranged from 66.8 to 76.4 g with greatest mass in December and lowest in September. Mean monthly body mass did not vary (F ϭ 1.096, d.f. ϭ 12, 77). For communal-nesting squirrels (Table 2) differences among monthly mean body temperature were demonstrated (H ϭ 39.08, P Ͻ 0.001). Body temperature was lower in December than in May, September, and October. Otherwise no differences occurred among months (P Ͼ 0.05). Monthly average body temperature of communally nesting G. volans did not differ from that of singly nesting squirrels (T ϭ Ϫ35.0, P ϭ 0.244).
Energy metabolism.-Average RMR ranged from 33% (single) to 38% (communal) lower than predicted by McNab's (1983) equation (Tables 1 and 2 ). Mean monthly RMR of communal-nesting Glaucomys did not differ from that for singly nesting squirrels (T ϭ Ϫ27.5, P ϭ 0.380; Fig. 2 ). For both groups combined, average RMR was highest in winter (1.14 ml O 2 g Ϫ1 h
Ϫ1
) and lowest during summer (0.73 ml O 2 g Ϫ1 h Ϫ1 ). Monthly RMR fluctuated only slightly over the year in both groups. Although mean monthly RMR for communalnesting squirrels varied (H ϭ 32.91, P ϭ 0.001), Dunn's multiple comparison test revealed that mean monthly RMR was lower only in July than in November 1997, March, and April. Otherwise monthly means did not differ. Likewise, although mean monthly RMR of solitary-nesting squirrels varied (H ϭ 36.11, P ϭ 0.001), Dunn's multiple comparison test revealed that only November 1997 was higher than April-August. Otherwise monthly means did not differ.
Nonshivering thermogenesis.-Average NST was lowest in summer (communal, 1.62 ml O 2 g Ϫ1 h
) and peaked in winter (single, 4.70 ml O 2 g Ϫ1 h Ϫ1 ; Figure 2 , Tables  1 and 2 ). The NST of communally and singly nesting G. volans inversely correlated with minimum daily ambient temperature recorded 7 days before the start of the trials (r ϭ Ϫ0.91 and Ϫ0.88, respectively, d.f. ϭ 12; P Ͻ 0.001; Fig. 3 ). Overall solitary nesters experienced higher levels of NST year-round than communal nesters. NST for singly nesting squirrels averaged 248% greater than RMR, whereas NST of communally nesting animals averaged 194% greater than RMR. Mean monthly NST of communally nesting squirrels was lower than that for singly nesting ones (T ϭ 0.00, P Ͻ 0.001; Fig. 2 ). For communal-nesting squirrels, differences occurred among monthly means (H ϭ 50.42, P Ͻ 0.001). Dunn's multiple comparison test disclosed that NSTs in December and January were both higher than NSTs in June, August, and September; NST in March was higher than that in June and August; and no differences occurred for any other pairs of months. Among solitary-nesting G. volans monthly mean NST varied (H ϭ 88.72, P Ͻ 0.001). Dunn's multiple comparison test revealed that NST in October-April was higher than that during May-September; April did not differ from May and March did not differ from April; and March and May differed (P Ͻ 0.05). Thus, singly nesting squirrels experienced a longer period of elevated NST during winter than did communally nesting animals.
DISCUSSION
Social thermoregulation.-Aggregation is an important avoidance mechanism for the enhancement of survival in cold and is widespread among Mammalia. Aggregations are reported in marsupials (Canals et al. 1989; Morton 1978) , insectivores (Genoud 1985 (Genoud , 1988 West and Dublin 1984) , bats (Kunz 1982; Kurta 1985; Roverud and Chappell 1991) , and primates (Genoud et al. 1997; Perret 1998; Schino and Troisi 1990) . For rodents, aggregation is an effective form of heat conservation during winter when food supplies are scarce (Andrews and Belknap 1986; Hayes et al. 1992; Vogt and Lynch 1982 Glaser and Lustick 1975; G. volans-Stapp 1992; Stapp et al. 1991) .
Tree squirrels commonly face thermal Tables 1 and 2 . Minimum ambient temperature recorded 7 days before metabolic trials is cast below metabolic responses. challenges in the form of conductive, convective, and radiative heat loss during diurnal, arboreal foraging bouts (Knee 1983; Reynolds 1985) ; they combat heat loss principally by aggregation in well-insulated nests, and some show reduced activity during periods of cold (Reynolds 1985) . In North America social thermoregulation oc- curs in 8 species of tree squirrels (Koprowski 1996 (Koprowski , 1998 and 2 species of flying squirrels (G. volans and G. sabrinus-Dolan and Carter 1977; Wells-Gosling and Heaney 1984) . Although considered to be asocial, gray squirrels (S. carolinensis) in northeastern Kansas nested in groups of 2-9 individuals/den; the largest groups occurred during autumn and winter (Koprowski 1996) .
Glaucomys volans is the smallest North American tree squirrel. These squirrels range in mass from 46 to 85 g (X ϭ 70 g) and occur in deciduous and mixed forests of eastern North America, south to Mexico and Central America (Dolan and Carter 1977) . In Pennsylvania, the optimal habitat for G. volans is mature deciduous forests with an abundance of nut-producing trees such as oaks, beech, and hickory (Carya). G. volans forms large aggregations within tree cavities or abandoned woodpecker holes during winter (Bendel and Gates 1987; Layne and Raymond 1994; Maser 1981; Muul 1968; Weigl and Osgood 1977) . Because of their small size, large surface area-to-volume ratio, and limited capacity for increasing pelage insulation, group nesting is highly advantageous for energy conservation of G. volans residing in cold environments.
Body mass.-Small mammals residing in seasonal environments undergo a decline in body mass during winter (Dehnel 1949) . This loss of body mass or slowed growth reduces caloric needs during winter when food is scarce. Seasonal declines in mass are reported for many arvicoline species and shrews (Merritt 1995 1984b) . These species seem to find release from food limitation during winter by employing a wide array of energy conservation tactics such as torpidity, food hoarding, and communal nesting (Feldhamer et al. 1999:120, In our study, body mass of flying squirrels fluctuated on a seasonal basis, with greatest body mass during winter and lowest in autumn. These seasonal changes in mass were not statistically different (Tables  1 and 2) . Our results agree with other research on Glaucomys from eastern North America. Stapp (1992) also found body mass greatest in winter and lowest in summer for G. volans residing in New Hampshire. Weigl et al. (1999) reported G. sabrinus from North Carolina and Tennessee to be heavier during winter than for summer-autumn. Our results and those of Stapp (1992) and Weigl et al. (1999) with Glaucomys corroborate studies for nonsciurids cited above that indicate an increase in mass during winter. The ability of Glaucomys to nest communally in insulated tree cavities, and form extensive food caches aids considerably in conserving energy during winter when food is limited. These conservation tactics may alleviate a need for body mass reduction during winter. The ability to exhibit heterothermy, as reported by Muul (1968) , Bowen (1992) , and Weigl et al. (1999) for Glaucomys, would further permit resiliency in energetic demands from the constraints of a food shortage in winter.
Body temperature.-In our study body temperature of flying squirrels varied seasonally between 36.3 and 38.9ЊC (Table 2) , with significantly lower temperatures occurring during winter compared with spring in single-and communal-nesting squirrels. However, at no time did G. volans exhibit torporlike behavior although ambient temperatures reached Ϫ19ЊC during the study. This lack of heterothermy is supported by measurements of core body temperature using computer-facilitated radiotelemetry conducted within the outdoor enclosure at 15-min intervals from 12 December 1996 to 6 January 1997 (J. F. Merritt, in litt.). Core body temperature of G. volans, recorded by intraperitoneally implanted radiotransmitters, ranged from 37.3 to 39.7ЊC; ambient temperature reached a low of Ϫ18ЊC during the period of monitoring. Our study and radiotelemetry research agree with the results of Neumann (1967) , who examined G. volans maintained in outdoor cages in New York during winter. Body temperatures ranged from 38.7 to 39.7ЊC (X ϭ 39.4ЊC) recorded at a room temperature of 23ЊC.
In contrast to Neumann (1967) and our studies, Muul (1968:47) reported ''several observations of torpor in flying squirrels'' aggregating in a tree cavity during winter in Michigan. Rectal body temperatures ranged from 22 to 29.4ЊC for 2 individuals. Further, G. sabrinus from spruce (Picea)-fir (Abies) and northern hardwoods habitats of North Carolina and Tennessee exhibited heterothermic tendencies (Weigl et al. 1999) . Under mild ambient temperature (ϳ20ЊC) or when active, G. sabrinus maintained a body temperature of 37ЊC; however, during cold exposure in laboratory metabolic chambers, G. sabrinus dropped body temperature to 29-32ЊC and assumed a characteristic curled position (Bowen 1992; Weigl et al. 1999) . Decreasing body temperature coupled with aggregation would minimize thermal conductance and resultant energy requirements during winter. Such tactics would enhance overwinter survivorship for species such as flying squirrels that are dependent on seasonal food resources. As indicated above, we did not observe heterothermy in G. volans maintained in the outdoor enclosure. However, animals were given food and water ad libitum. The disparity of our results with the above studies may in part be due to labile thermoregulatory tactics of different geographic populations of Glaucomys. The tendency for flying squirrels to undergo heterothermy is contingent on many complex ecologic factors; for example, autumnal body mass, productivity of autumnal mast crop, caching success, size of overwintering aggregation, severity of winter, and availability of insulated nesting sites to assist in decreasing thermal conductance in cold. Occurrence of heterothermy in Glaucomys can be assessed most accurately by employing temperature telemetry of natural populations over a wide latitudinal range.
Energy metabolism.-During our 13-month study, average RMR was highest in winter and lowest in summer with minimal differences between single-and group-nesting squirrels. Average RMR fluctuated only slightly throughout the year. Likewise, Stapp (1992) , working with G. volans maintained in outdoor pens in New Hampshire, found no differences in seasonal RMRs. In contrast, Neumann (1967) found an elevated basal metabolism in winter compared with summer in G. volans from New York. G. sabrinus from North Carolina and Tennessee exhibited lower metabolic rates in cold than the smaller G. volans; however, no information is available on seasonal metabolic shifts (Weigl et al. 1999) . They hypothesized that the larger G. sabrinus exhibits a lower body temperature, metabolic rate, and decreased conductance as a consequence of its diet of low caloric food (i.e., predominately hypogeous fungi and lichens) and its inability to cache food (Weigl 1978; Weigl et al. 1999) .
Throughout its geographic range, G. vo-lans demonstrates a very low metabolic rate and thermal conductance with minimal variation (Stapp 1992:917, table 1) . In our study, resting metabolism ranged from 33% (single) to 38% (communal) lower than predicted by body mass (McNab 1983) . Stapp (1992) found basal metabolism 20% below that predicted by body mass. In our study, a group of 7 flying squirrels showed a 38% lower metabolism in winter than in summer. This decrease in RMR compares favorably with the 36% reduction for 6 squirrels nesting communally at 9ЊC reported by Stapp et al. (1991) . Factors contributing to the lower metabolic rate of G. volans include huddling, which confers a distinct energy savings when subjected to ambient temperatures well below thermoneutrality; use of well-insulated nests within tree cavities, which permits near-basal metabolism at most ambient temperatures in winter; and presence of food caches, which releases flying squirrels from seasonal constraints of food availability. Thermoregulatory tactics of tree squirrels contrast sharply with those of flying squirrels. Tree squirrels are not known to exhibit an overwinter mass decline as an energy conservation tactic in cold. Sciurus are reported to exhibit metabolic rates ranging from 1.5-4 times greater than predicted for body mass (S. carolinensis- Ducharme et al. 1989; Reynolds 1985) . Irving et al. (1955) reported that T. hudsonicus demonstrated basal metabolism 80% higher than predicted; however, this elevated rate may have been due to hyperactivity during trials. Basal metabolism and thermal conductance are higher in tree squirrels than expected for body mass (McNab 1970) . Tree squirrels do not display torpidity during winter when seed availability is maximum. Energy derived from available seeds is allocated to thermoregulation and activity necessary for foraging in the arboreal environment where the impact of cold is maximum during winter.
Nonshivering thermogenesis.-Social thermoregulation assists flying squirrels in combating cold. However, because of their small body mass, elevated body temperatures, and nocturnal foraging habits, G. volans must cope with significant thermal challenges in the forest canopy during winter. They must resist cold by employing processes that generate heat and thus require energy. A conspicuous mechanism by which endotherms increase heat production is by muscular activity from locomotion or shivering, which is well documented for larger species of mammals (Ducharme et al. 1989) . However, small mammals residing in variable environments use primarily nonshivering heat production to cope with cold stress (Heldmaier 1971; Klaus et al. 1988; Smith and Horwitz 1969) . Brown adipose tissue represents the primary site of NST for many cold-adapted mammals (cf. Rose et al. 1999) . NST, controlled by the sympathetic nervous system, liberates chemical energy from processes that do not involve muscular contractions. This reaction is mediated by the catecholamine norepinephrine, and the magnitude of NST can be determined by measuring the absolute increase in oxygen consumption of an animal after injection of norepinephrine. Studies of small mammals residing in variable environments report increased thermogenesis during periods of cold due to increased capacity for NST. This method of heat production can be activated in a very short space of time (Geiser et al. 1996; Merritt 1995; Wunder 1985) .
Research on small placental mammals residing in seasonal environments has demonstrated that dramatic increases in metabolic rate in cold are due to NST. Nonshivering heat production typically tracks ambient temperatures, with lowest rates in spring and summer and highest in winter. In our study, NST was lowest in summer and peaked in winter, demonstrating an inverse correlation with minimum ambient temperatures (Fig. 2) . NST averaged 248% greater than RMR for flying squirrels nesting singly and 194% greater than RMR for those nesting in groups. Squirrels nesting singly also experienced a longer period of elevated NST during winter than squirrels nesting in groups. Our findings are supported by results of investigators working on many different winter-active small mammals. Wunder et al. (1977) found a 29% increase in metabolism for prairie voles in winter compared with summer. Red-backed voles (Clethrionomys rutilus) in Alaska exhibited a 96% increase in metabolism in winter (Feist and Morrison 1981) . NST in Peromyscus and Clethrionomys from Iowa, Michigan, and Pennsylvania ranged from 24 to 70% increase from summer to winter (Lynch 1973; Wickler 1980; Zegers and Merritt 1988) . Soricids typically show very high rates of NST (Sparti 1992; Taylor 1998) . For example, in the Appalachian Mountains of Pennsylvania, NST for B. brevicauda and Sorex cinereus in winter ranged from 54 to 182% increase over summer (Merritt 1986 (Merritt , 1995 .
Tree squirrels routinely encounter low ambient temperatures while foraging in winter and thus are excellent candidates to exhibit NST as an adaptation to cold. The seasonal mass and thermogenic attributes of brown adipose tissue during winter are well known in T. hudsonicus (Aleksiuk 1970 (Aleksiuk , 1971 . Increased mass of brown adipose tissue was documented during autumn and winter. Winter research on black and gray morphs of S. carolinensis residing in Qué-bec, Canada, by Ducharme et al. (1989) showed from 20 to 25% of heat production in cold was attributable to nonshivering heat production and the remainder was due to shivering. NST was twice as great in cold-acclimated compared with warm-acclimated squirrels.
Our study verified that communal nesting can be a significant component of the energy conservation strategy of G. volans. Southern flying squirrels demonstrated a reduced RMR and high capacity for NST during winter. This thermogenic mechanism permits an animal to maintain low metabolic heat production during activity but allows it to quickly increase heat production under cold conditions. As a result, thermogenic capacity can rapidly change through modifications of NST in response to environmental cues (Degen 1997) . This labile thermoregulatory pattern may be adaptive for energy conservation by rodents such as flying squirrels that are faced with cold stress during foraging but find relief from cold in insulated communal nest sites.
